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processing capabilities (e.g., spike detection [3] and wireless transmission [4] ) are continually emerging. Implanted devices require exceptional safety precautions. This demands monitoring and assessment of such devices and the possible impact on the neural system should they fail. The following considerations are important:
1. The biological fluid is highly corrosive and any imperfection in the hermetic seal of the package can gradually introduce moisture onto the active circuits. Condensation can bridge conductor lines causing electrolytic reactions, short-circuits or corrosion [5] [6] [7] . 2. For an implantable stimulator, the highest power consumption tends to occur when the stimulator output stage is in operation. Most stimulator output stages are implemented using current-mode circuits and hence the power consumption is usually proportional to the supply voltage. Besides the energy that is converted to ionic movement at the electrode-tissue interface (for eliciting the desired neural actions), the rest of the electrical energy is converted to heat inside the chip. The human body is a well-regulated system with a stable temperature around 37°C. If the heat dissipated by the implant raises the local temperature of nearby tissue by more than a few degrees, it could cause irreversible damage to the neural tissue [8] . Using the lowest possible supply voltage for the required current drive from the stimulator circuits minimizes heat dissipation into the neural tissue. 3. Both mechanical and electrical failures can occur in implanted devices [9] . In the case of mechanical failure, for example, loose or broken connections between parts [10] , [11] or insulation failure at the cable [12] could expose the neural tissue to dangerous voltages. In terms of electrical failure, malfunctioning of digital control [13] , vulnerability of analog electronics or other reliability issues associated with semiconductors chips [14] [15] [16] [17] [18] [19] could potentially compromise the longterm safety of the neural environment. Electrical failure in an implantable stimulator could interrupt the charge balance necessary for safe stimulation. This could cause electrolysis to occur at the electrodes and harmful byproducts to be generated as a result of net direct current stimulation [20] , [21] . To ensure optimum safety conditions, in addition to charge balance [2] , monitoring of temperature [8] , humidity [22] and electrode voltage [23] implant size the sensors must be an integral part of the (CMOS) stimulation electronics.
In [24] , the authors proposed a distributed neural stimulation system using Active Books that interface with nerve roots in the cauda equina. Stimulation of these nerves aims to restore lower-limb function in paraplegic spinal cord injured patients. To improve safety, in this paper the stimulator chip inside an Active Book (see Fig. 1 ) has been modified to include: i) a humidity sensor to monitor the relative humidity inside the micropackage, ii) a temperature sensor to check overheating after lengthy stimulation, and iii) a voltage sensor to monitor the peak voltage on any specified stimulating electrode to minimize power consumption (and thus heat dissipation). For monitoring purposes in active implantable microsystems, it is the relative changes in temperature and humidity (and not their absolute values) that are important in order to trigger an alarm.
Unlike [24] the added humidity sensor was placed on top of the digital circuits to make the stimulator chip compact. To the authors' best knowledge, this is the first stimulator chip featuring integrated temperature and humidity sensors. This paper describes the design, implementation and evaluation of the modified stimulator chip for Active Books focusing on the safety sensors and their performance. Section II provides an overview of the stimulator architecture and functionality. Section III describes methods for integrated capacitive humidity sensors in CMOS technology (both standard CMOS and those requiring custom post-processing), and the readout circuit of the designed humidity sensor. Sections IV and V describe the temperature and voltage sensors, respectively. Experimental evaluation of the fabricated stimulator chip including the performance of the safety sensors and comparison with other work, are presented in Section VI. Section VII concludes the paper. The cable connects to the central hub which supervises the operation of up to four Active Books [24] , yielding sixteen stimulating tripoles (four per Active Book). The data signal INOUT is specific to each Active Book (the others are common to all chips). It is used for addressing the chosen Active Book and carries the sensors data to the central hub for monitoring. The chip remains in the quiescent mode, consuming negligible power, until the control signals follow a specific 'wake-up' sequence. Once alerted, the chip is programmed for various functions using pulse trains on the CLOCK line as detailed in [24] . Each train can have up to twenty-one pulses. A sequence of pulse trains of different lengths has a specific meaning. Commands supported by the chip are listed in Table I with their respective train sequences.
II. STIMULATOR ARCHITECTURE
The supply voltage on the V DDA line is adjusted in the central hub to the minimum value necessary to drive the (variable) electrode load. The voltage level necessary depends on the electrode impedance and stimulus current. A high-voltage V DDA is required for stimulus current of high amplitude flowing through a large electrode impedance. The on-chip voltage sensor samples the electrode voltage during stimulation and feeds back the information to the central hub, which adjusts the V DDA accordingly to minimize the power consumption of the stimulator chip. The 5 V regulator provides the supply voltage for the digital circuits (e.g., command interpreter unit) and the low-voltage analog circuits (e.g., the readout circuits of the sensors). The command interpreter unit in Fig. 2 instructs the appropriate parts of the chip for sensing or stimulationrelated functions. The analog output of the temperature sensor is digitized by a 10-bit successive approximation register (SAR) analog-to-digital converter (ADC) before it is modulated using a constant-weight m-of-n code scheme, which allows for detection of single-bit errors [24] . The required clock signals for the ADC and modulation are provided by an on-chip RC oscillator. When not needed the oscillator is disabled to conserve power. The temperature sensor unit also provides a temperature-independent reference current which is used in the stimulator output stage and humidity sensor. The on-chip humidity sensor converts the change of humidity-sensitive capacitance to freqeuency, which is then converted to a numerical value, before being modulated onto the INOUT line.
III. HUMIDITY SENSOR
The change of relative humidity can be sensed by a change of resistance or capacitance. The capacitance change is often preferred because it consumes no static power and is less influenced by temperature variations compared to resistance change. A capacitive humidity sensor can be realized with a moisture sensing film (dielectric layer) either sandwiched between two parallel plates or deposited on top of interdigitated electrodes. Polyimide is a popular choice for sensing material due to its extensive use in the semiconductor industry. Fig. 3 shows various approaches to implementing the sensing capacitor in CMOS, all requiring some post processing to remove the passivation layer and deposit the humidity sensing layer [22] , [25] [26] [27] [28] . The approaches in Figs 3(a) [22] , 3(b) [25] and 3(c) [26] are more complex than [27] and 3(e) [28] as the sensing layer is placed between different metal layers rather than on top of the upper metal layer.
To minimize the silicon area occupied, the sensing capacitor in Fig. 3 (d) and 3(e) can be placed on top of the stimulator digital circuits. The structure in Fig. 3 (e) was chosen because [22] , [25] , (c) between lateral electrodes [26] , (d) on top of electrodes [27] , and (e) on top of interdigitated electrodes [28] . it removes the availability of only one metal layer (Metal 3 in XFAB's XC06 process) and the remaining lower level metals (Metal 1 and Metal 2) are left for routing and interconnection of the circuit structures underneath the sensor. The polyimide (available in XC06), which is deposited on top of the passivation layer during the normal process flow, was used as the moisture sensitive layer. To avoid any post processing the passivation layer was not removed (at the expense of reduced sensitivity due to its presence between the top plate of the sensing capacitor and the sensing layer). An increase of moisture intake (humidity) increases the permittivity of the dielectric between the interdigitated electrodes, resulting in a higher capacitance. The capacitive sensor geometry was optimized following the procedure in [29] . Table II lists the application of the three metal layers in the XC06 process for the various stimulator components. The area of the digital circuits approximately doubles to 3.6 mm 2 when omitting the top metal layer for routing (as demonstrated by the Cadence Encounter synthesis tool). Nevertheless, the area of the digital circuits is always smaller than that of the humidity sensor (3.6 mm 2 vs. 4 mm 2 ). Since the sensor was placed on top of the digital circuits they did not contribute towards the total area of the chip. Humidity sensor readout circuit. C sensor is a humidity-sensitive capacitor. Fig. 4 shows the simplified schematic of the relaxation oscillator used to convert a change of capacitance to a change of frequency [30] . Currents I charge and I discharge (mirrored from the temperature-independent current reference, see Section IV) controlled by the Schmitt trigger, alternatively charge and discharge the sensing capacitor (C sensor ). The circuit provides a frequency f that is inversely proportional to the value of C sensor , and thus to the relative humidity (RH):
where V TH and V TL are the high and low threshold voltage levels of the Schmitt trigger, respectively. C sensor has a positive dielectric coefficient against RH.
IV. TEMPERATURE SENSOR The bandgap and I ptat generator produces a current which is proportional to absolute temperature. Current I ptat is given by
where k is the Boltzmann's constant, T is the temperature in Kelvin, q is the electron charge, I C and I S are respectively the collector and saturation currents of a BJT. In the design
.42 k and R 2 = 9.5R 1 and using (2) yields I ptat = (18.3 nA) T . The circuit also provides a temperature independent voltage, V BG , of ∼1.2 V. If I ptat flows through a resistor, the voltage across the resistor will, to a first order approximation, also be proportional to temperature in Kelvin. 1 In practice, the temperature sensor measures the temperature of the stimulator chip 1 The voltage across a resistor is only linear to temperature if the resistor has zero TC. In practice, a low TC polysilicon resistor was used. Its TC is only −0.02%/K. whose micropackage [31] is surrounded by body fluid. In low power operation the surface temperature of the chip in an Active Book will be at near body temperature. The chip will dissipate increased heat when it is in high power operation (e.g., continuous stimulation at 8 mA). To measure the operating temperature of the stimulator chip after device implantation, the temperature sensor must be able to sense accurately temperatures in the range of 35-40°C. In the design, the measurement range was extended (−l0°C to 100°C) to allow characterization of both the humidity and temperature sensors under a range of test conditions. As illustrated in Fig. 6 , the range from −10°C to 100°C only occupies 29.5% of the dynamic range from −273°C to 100°C. This was addressed by subtracting a temperature-independent current, I stable , from current I ptat as shown in Fig. 6 . Current I ptat becomes
where 4.8 μA is the I ptat current at −10°C. Using I stable = 4.8 μA, I cal can now target 100% of the dynamic range. The I stable generator is highlighted in Fig. 5 . Its start-up circuit is similar to that of the bandgap and I ptat generator and hence is omitted for simplicity. Current I stable is given by where the former and latter terms in (4) 
where V ptat is digitized by a 10-bit SAR ADC (see Fig. 2 ).
V. VOLTAGE SENSOR
The chip measures the peak electrode voltage on any specified stimulating anode and sends the information to the central hub. If the voltage required to drive the electrode is much smaller than the supply voltage V DDA , the hub will adjust down its dc-dc converter output and send a smaller supply voltage to the chip on the Active Book to minimize power consumption and heat dissipation. If the electrode voltage is too close to V DDA the electrode is either overcharged or it saturates at the current supply voltage which will raise alarm signals. Fig. 7 shows the simplified block diagram of the voltage sensor. It comprises a Multiplexor-Attenuator, a 3-bit flash ADC and a Boundary Detector. Depending on the commands, either one of the eight anode electrode voltages or the supply voltage (V DDA ) is selected for measurement. Since the maximum supply voltage that can be sent to the stimulator chip is 18 V, the attenuator (attenuation factor of 3.6 implemented by a resistive divider) ensures that the selected voltage can be processed by the 5 V circuits (ADC and Boundary Detector). The attenuated electrode voltage is then compared with 8 reference voltages using a flash-type ADC, categorizing the peak electrode into one of nine ranges. The voltage sensor uses a bubble boundary detector to check possible ADC errors or glitches. The exact timing of the measurement takes place during the last 2 μs of the stimulus pulse, ensuring that the electrode voltage is sampled almost at its peak. Note that during the measurement phase, part of the stimulus current is lost to the voltage attenuator which is activated for 2 μs only. The duration of this loss is much shorter that the stimulus pulse width (2 μs vs. tens of microseconds) and the attenuator load is much larger than the electrode impedance (402 k vs. ≤ 2 k ). This results in a negligible stimulation charge reduction. Table III lists the electrode voltage boundaries (Eld) associated with the ADC digital outputs.
VI. MEASURED RESULTS
The stimulator was implemented using the XFAB 0.6-μm HV CMOS process (XC06). Two different chips were fabricated: an implant chip and a test chip. The implant chip has minimum number of input and output (IO) pads (five IOs for cable connection and twelve IOs for connection to four tripolar electrodes). The test chip has additional IOs to facilitate testing of the various sub-circuits. Each stimulator chip drives a four-slot tripolar book electrode with each slot consisting of one central cathode flanked by two outer anodes. Fig. 8 shows the die photo of the test chip from which the measured results were obtained. Five test chips were each wire bonded to a ceramic package (JLCC 68) for electrical testing. Fig. 9 is a cross-section image of the chip in the vicinity of the humidity sensor, showing the construction of the capacitive sensor using Metal 3 for the interdigitated electrodes, and its placement on top of the logic circuits using Metal 1 and Metal 2 for routing. Table IV lists some features and measured performance of the stimulator chip. Fig. 10 shows the capability of the stimulator chip to adjust the stimulus (cathode) current amplitude, to 0 mA, 1 mA, 4 mA, and 8 mA (the two anode currents are 0 mA, 0.5 mA, 2 mA and 4 mA respectively). A 470 load resistor was used to monitor the current. The default (cathode) stimulus current amplitude is 1 mA. The currents can be arbitrarily adjusted by sending appropriate pulse trains (see Table I ) over the data lines. In Fig. 10 , the variable current amplitude is evident in the "STIM" phase after the "PROG" phase programs the current amplitude to the desirable level. Fig. 11 shows the performance of the stimulator chip when used to drive an unbalanced tripolar book electrode (of the type described in [32] ) in 0.9% NaCl solution. The current through each anode was monitored by a floating-input differential probe (Pico Technology TA044) measuring the voltage across a 470
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resistor placed in series with the anode electrode. By default, the two anode currents are equal as shown in Fig. 11(a) despite an impedance mismatch between the anode-cathode pairs. Hence, the electrode voltages on the two anodes within the tripole are not the same [see Fig. 11(a) ]. causing unintended stimulation in adjacent slots (i.e., Slot 2). Fig. 11(b) shows that by programming the I anode2 14% higher than I anode1 , the difference between the two anode voltages can be nulled, hence reducing the crosstalk to adjacent slots.
B. Temperature Sensor
The performance of the temperature and humidity sensors were tested in a constant climate chamber (model KMF115, Binder GmbH [33] ) which supports both temperature and humidity sweeps. The chip and a portable Binder Data Logger Kit TH-100 were placed inside the chamber. The TH-100 was placed very close to the stimulator chip to acquire the local temperature and humidity. The humidity was swept from 20% to 90% over a period of four hours. Both the temperature and humidity on-chip sensors have two sets of outputs, direct analog output and the corresponding digital output, which is modulated onto the INOUT line. For characterizing the analog outputs of the temperature sensor, a Keithley 6485 current meter and an Agilent 34401A 6-digit multimeter were used to measure current and voltage, respectively. Fig. 13 shows the measured analog outputs of the temperature sensor circuit in Fig. 5 . The sensitivities of I ptat , I stable and V ptat against temperature are 0.02 μA/°C, −0.0001 μA/°C and 39 mV/°C, respectively. Extrapolating V ptat to the full 0-5 V range, it should cover the temperature range of approximately −20°C to 105°C. Fig. 14 illustrates the procedure to obtain a temperature reading (data captured by an Agilent 1334A logic analyzer). First, a measure temperature command, i.e., X19-X18-X19-X17, is sent to stimulator chip, after which MEA_T_long turns high, acknowledging receipt of the command and preparing the chip for the temperature measurement. Since the maximum temperature inside the implant micropackage is expected to occur when all four slots (tripoles) in the Active Book have experienced stimulation, the start of temperature measurement (MEA_T ) occurs shortly after all slots have completed their stimulation (i.e., during the fifth pulse of the pulse train on the CLOCK line, and provided that MEA_T_long is high). In addition to instructing the sensor to take a temperature measurement, MEA_T starts an on-chip RC oscillator, which provides clock pulses (RC_CLK) necessary for driving the 10-bit SAR ADC and the 14-bit signal modulation (based on the constant-numberof-1s scheme as detailed in [24] ) for transmission of the information on the INOUT line. The temperature information (Temp_serial_output) is then sent to the central hub.
The digital output of the temperature sensor was transferred to a National Instruments USB-6221 data acquisition card and converted to the corresponding analog value by a custom designed LabVIEW Virtual Instrument. Fig. 15 shows the temperature sensor performance for the five chips (normalized, giving zero output at 37°C). All sensors exhibit a linear relationship against temperature with a resolution of about 0.12°C over the range of 20°C to 90°C. The maximum nonlinearity over the entire temperature range is 0.4%.
C. Humidity Sensor
To test the humidity sensor, the lid of each packaged chip was removed and the chip was placed inside the climate chamber at a constant temperature of 37°C. The analog output of the humidity sensor, i.e., the variable output frequency of the oscillator, was recorded by an Agilent 53131A universal frequency counter. Fig. 16 shows the humidity sensor (normalized, giving zero output at 20%RH) output frequency against RH for the five chips. All five curves have a slope of about 5 Hz/%RH, corresponding to a normalized sensitivity of 0.04%/%RH. The low sensitivity of the sensor is attributed to the passivation layer which separates the Metal 3 interdigitated electrodes from the polyimide layer (see Fig. 9 ). The digital output of the humidity sensor comes from a counter-based ADC which counts the number of oscillation cycles within a given period. By adjusting the duration of the oscillation, small change of frequency can be detected. Fig. 17 shows the variation of the humidity sensor output frequency over two weeks continuous operation when the humidity of the climate chamber was maintained constant at 32%RH and the temperature at 37°C. The variation of the frequency is less than 0.1%. If necessary it can be recalibrated by adjusting the duration of the oscillation (see below), which compensates for any drift over time. Fig. 18 shows the procedure to obtain a humidity reading. Firstly, the train sequenceX19-X18-X18-X17 starts the humidity sensor (MEA_RH signal turns high). It wakes up the on-chip oscillator (see Fig. 4 ) whose frequency is sensitive to humidity. The oscillator continues to oscillate until it is stopped by a pulse on the CLOCK line. The count number (i.e., the number of pulses on the OSC line during the oscillation phase) is stored. Subsequent pulses on the CLOCK line interrogate the count information (see the DATA line), which is modulated on the INOUT line. By setting the duration of the oscillation phase to 238 ms, the 30%RH and 80%RH humidities result in readings of 10111000101 (equivalent to 88 after demodulation) and 10100011011 (as shown in Fig. 18 , equivalent to 25 after demodulation), respectively. This indicates that the minimum change of humidity that can be detected by the sensor is (80%RH -30%RH)/(88 -25) = 0.79%RH. It is sufficient for monitoring the integrity of the implant package to provide an alarm when there are excessive changes in humidity within the implant package. Table V compares the humidity sensor with other work. The developed sensor features good performance with the added advantage that it is fully CMOS compatible and it does not use a dedicated area for the capacitive sensing element (which was placed on top of the digital circuits, see Figs. 8 and 9 ).
D. Measurement of Electrode Voltage
The Anode 1 of Slot 1 was selected for electrode voltage measurement (MEA_SLOT1_ANODE1 signal turning high in Fig. 19 ) when a pulse train sequence of X19-X20-X18-X18-X17 was sent to the stimulator chip. The ENABLE signal from the central hub is 8 μs delayed, becoming the DELAYED_EN in Fig. 19 . Stimulation takes place during the DELAYED_EN phase. As discussed in Section V the sampling of the anode electrode voltage takes place 2 μs before the end of the stimulus pulse. Sampling exactly at the end of the ENABLE phase would be risky, as the ADC may erroneously capture the electrode voltage at the beginning of the passive discharge phase. Fig. 19 shows that information "1011101" was modulated back onto the INOUT line. After demodulation (explained in [24] ) it can be deduced that the peak electrode voltage at the Anode 1 of Slot 1 is in the range of 6.75-8.25 V. For example, if the current supply voltage (V DDA ) were 18 V, the measurement would indicate that a large portion of voltage headroom would be wasted.
VII. CONCLUSION
To the authors' knowledge, this is the first paper on implantable stimulators that combines on-chip safety sensors for measuring humidity, temperature and electrode voltage, together with the stimulation circuits on a single chip using standard CMOS technology. The new stimulator offers enhanced safety for the Active Books microsystem. The sensors have been designed to monitor the operation of the implantable microsystem by triggering an alarm if the specified safety limits for humidity and temperature are exceeded, and to ensure that the stimulator is always operated with the minimum supply voltage. The data from the sensors can be communicated to a central hub for decision making, such as shutting down the device. 
